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ABSTRACT. The land accretion processes of the Yel-
low River delta, with its quantities of sediment
transport, are dominated by drainage basin factors.
Since the tidal and the sea wave processes are
weak, the delta provides an ideal site to study the re-
sponse of land accretion to the changing climate
and human activities. Firstly, by using sea charts
and remote sensing images, the annual land accre-
tion area has been identified and is related to annual
precipitation and human activities in the drainage
basin. It is found that the rate of land accretion of the
delta is positively correlated with precipitation, but
negatively correlated with the areas of erosion con-
trol measures and with the quantity of water diver-
sion. Secondly, a multiple regression equation has
been established between the rate of land accretion
of the delta and the influencing factors: the area of
terrace land building and tree- and grass-planting,
the area of the land created by the sediment trapped
by check dams, the annual precipitation and the an-
nual quantity of water diversion. The regression in-
dicates that the changing precipitation contributes
most to the land accretion rate of the delta, the con-
tribution made by erosion control measures ranks
the second, and the contribution made by water di-
vision the third. 
Key words: delta, land accretion of delta, land–ocean interaction,
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Introduction
A delta or an estuary can be regarded as a coupling
zone between land and ocean, and land accretion of
a delta occurs as a result of the interaction of river
sediment transport and marine dynamics. Much re-
search has been focused on delta accretion in Chi-
na, by empirical or physically based approaches
(Zeng et al. 1997; Zhang 1999; Wang 1990; Xu
2002).
Runoff and sediment ﬂuxes depend on drainage
basin factors, including natural processes and hu-
man activities. According to Schumm (1977) and as
regards sediment, a ﬂuvial system can be divided
into three zones: production zone, transfer zone and
deposition zone. A delta is located in the zone of
deposition. Due to the changes in climate and human
activities, runoff and sediment derived from the pro-
duction zone may be changed, and the water dis-
charge and sediment ﬂuxes into the deposition zone
may change as well, which in turn results in a change
in land accretion of the delta. Therefore, the land ac-
cretion of the delta can be considered as the response
of the deposition zone to the production zone, and
thus described as a process–response model.
Located in an area in the transitional zone from
semi-arid to sub-humid climates and mantled by
thick loess, the Yellow River drainage basin is an
ecologically fragile area, and sensitive to distur-
bance by human beings. The Yellow River (Fig. 1)
is one of the most heavily sediment-laden rivers of
the world. Annually, 1.32 billion tons of sediment
were transport into sea during the period 1950–
1960, according to the hydrometric data at Lijin
station, the end control of the Yellow River. Down-
stream of the delta, the Bohai Sea is shallow with
weak tidal and wave activities. The land accretion
processes are dominated by the river’s sediment
and runoff, and by the marine dynamics. Hence, the
Yellow River delta provides an ideal site to study
the interaction between natural and human-in-
duced processes.
At time scales of 10–100 years, the change in the
natural factors in the Yellow River basin is mainly
reﬂected by the change in precipitation and the re-
sultant change in vegetation. The inﬂuence of hu-
man activities is reﬂected by the change in land use
and land cover. Since the 1960s, basin-wide ero-
sion control measures have been put in practice, to
reduce sediment release into the Yellow River and
the serious sedimentation in its lower reaches. At
the same time, precipitation was much lower than
the long-time average, and thus erosion and sedi-
ment yield in the Yellow River basin decreased sig-
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niﬁcantly (Ye 1994). As a result, the land accretion
of the Yellow River delta has slowed down mark-
edly, leading to some environmental problems. The
wetland ecosystem in the Yellow River delta is im-
portant and famous in China, and accordingly a na-
tional natural reserve has been established for 30
protected birds and other protected animal and
plant species (Research Group of Bio-diversity in
China 1998). The second largest oil ﬁeld of China,
the Shengli Oil Field, is located in the Yellow River
delta, and the slowing down of land accretion
would inﬂuence the perspective of turning petrole-
um extraction from offshore to land-based opera-
tions, a factor which would signiﬁcantly increase
the production costs. The change in the rate of land
accretion of the delta has drawn the attention of the
scientiﬁc community, engineers and industrial sec-
tors in China. In the present study, an effort has
been made to elucidate the effect of changing hu-
man activities and precipitation on land accretion
of the Yellow River delta, to provide a stronger ba-
sis for environmental management in the Yellow
River drainage basin and its delta.
Data and methods
Since it is difﬁcult to express human activities by
physically based mathematical approaches, empir-
ical statistical methods are adopted in this study.
Some quantitative indices will be introduced to ex-
press the natural and human factors, and are related
to the rate of land accretion of the delta by a mul-
tiple regression method.
In the present study, the net increase of the area
of the delta per year is adopted for the land accre-
tion rate of the delta (Rla, km2/yr). Here the net in-
crease means the difference between the land gain
by deposition and the land loss by erosion. The
zero-metre isobath is taken as the lower boundary
of the delta; the area between the boundary lines of
the delta in two periods is the land gain or land loss
area, and the sum of land gain and land loss is the
net land accretion area. Measurement of the area is
carried out by using the sea charts surveyed in the
river mouth and the neighbouring sea area. If the
time interval between the two maps is longer or
shorter than one year, the area is distributed among
all months involved by considering the monthly
sediment load into the sea as a weight, and the an-
nual land accretion area for each complete year can
be obtained. The land accretion area in the period
1955–1980 were calculated by following the above
procedures by Wang (1985), and used in the present
study. The data in the period 1981–1989 were
measured from the remote sensing images of the
Yellow River delta (Fan and Guo 1992). Similarly,
if the time interval between two images is longer or
less than one year, the land accretion area is distrib-
uted to each month of the period, and the area for
each complete year can be obtained.
Fig. 1. The Yellow River drainage basin
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The climate in the drainage basin is presented by
precipitation. There are more than 900 rainfall sta-
tions in the Yellow River drainage basin. Based on
yearly precipitation data from these stations, the ar-
eal-averaged annual precipitation (P, mm) for the
whole Yellow River basin has been calculated.
In the past 50 years, the two most important as-
pects of human activities in the Yellow River basin
are basin-wide erosion control practice and water
diversion for irrigation and other human uses. Af-
fected by this, the runoff and sediment ﬂuxes into
the sea have signiﬁcantly decreased. Soil erosion
control measures can be classiﬁed as three types:
terrace land building, tree- and grass-planting, and
check dam construction for interception of sedi-
ment. The ﬁrst two types can be indexed by the area
of the measurement. The sediment interception can
be reﬂected by the area of land created by the sed-
iment trapped above the check dam. Large quanti-
ties of sediment are trapped by check dams and
thereby some arable land forms above the check
dam.
According to the Yellow River Institute of Hy-
draulic Engineering (1999), in the drainage basins
of eight major tributaries of the middle Yellow Riv-
er, the average volume of trapped sediment which
is needed for land creation of one ha ranges from
15 000 m3 to 92 700 m3. Thus, the area of the land
so formed can be used as a measure for the effect
of sediment interception. The Yellow River Water
Conservancy Commission has made detailed sta-
tistics for the area of all kinds of soil control meas-
ures and also made year-to-year statistics for the
quantity of water diverted from the Yellow River
Fig. 2(a). Temporal variations of
the land accretion rate of the Yel-
low River delta, the areal-averaged
precipitation over the whole drain-
age basin, and the quantity of net
water diversion. (b). Temporal var-
iations of the areas of erosion and
sediment control measures
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and its tributaries for irrigation, industrial and do-
mestic uses. The ‘net’ water diversion can be cal-
culated as the actual water diversion contracted by
the water quantity returned to the river. All these
data are used in the present study, including the area
of terrace land building and tree- and grass-plant-
ing (Atfg, 104 ha), the area of land created by the sed-
iment trapped by check dams (Ac 104 ha), and the
quantity of ‘net’ water diversion (Wdiv 108 m3/yr),
which is deﬁned as the annual quantity of the water
diverted from the Yellow River minus the annual
quantity of water returning to the river after human
use. With the diversion of water, sediment is also
diverted, which may decrease the sediment ﬂuxes
to the sea. To express the effect of erosion control
measures for each year, the cumulative area of the
erosion control measures from 1950 to that year is
adopted. The data for the cumulative areas of ero-
sion control measures are available for 1959, 1969,
1979 and 1989; data for the years between are re-
ceived by linear interpolation.
The data used in this study, including precipita-
tion, areas of different erosion and sediment control
measures, water diversion and sediment diversion,
are from the Yellow River Water Conservancy
Commission. The data of mean grain size of sus-
pended sediment were collected at Lijin hydromet-
ric station, and issued by the Yellow River Water
Conservancy Commission. The workers at the sta-
tion took the samples and carried out analysis using
standard procedures (Hydrological Bureau, Minis-
try of Water Conservancy and Electric Power
1975). The method for collecting the data of net
water diversion from the Yellow River was de-
scribed in detail by Xu (2005).
Temporal variations of the land accretion area 
and influencing factors
The temporal variations have been plotted in Fig.
2a, i.e. the land accretion rate of the Yellow River
delta, the areal-averaged precipitation over the
whole drainage basin, and the quantity of net water
diversion. It is shown clearly that the area of land
accretion of the delta declines with time. In the
meantime, precipitation decreases also, but the ar-
eas of erosion control measures increased. The net
water diversion shows an increasing trend overall,
but during the years 1959 and 1960, it was very
high. Overused irrigation water resulted in serious
soil salinization and then a large quantity of water
diversion was stopped for several years. After-
wards, the water diversion for irrigation was re-
stored, and Wdiv increased rapidly. The variation of
the areas of erosion and sediment control measures
is shown in Fig. 2b, which indicates an increasing
trend. Thus, Fig. 2 shows that the variation in land
accretion area of the delta can be related to the var-
iations in the natural and human factors, and some
cause–effect relationships may be expected.
Influence of precipitation
The relationship between the land accretion rate
and the areal-averaged annual precipitation (Fig. 3)
shows a positive correlation. The major sediment-
producing area of the Yellow River is the Loess Pla-
teau, and most of the sediment comes from culti-
vated land and gullies in that area. Due to a semi-
arid climate, the annual rainfall is usually concen-
trated into rainstorms in summer. The larger the an-
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Fig. 3. Relationship between the
land accretion rate of the delta and
the areal-averaged annual precipi-
tation. The critical value of the cor-
relation coefficient at the 0.05 level
is 0.201 when the size of the pop-
ulation is n = 34. Thus, the correla-
tion is significant at the 0.01 level
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Fig. 4. The land accretion rate of
the Yellow River delta plotted
against the area of terrace land
building and tree- and grass-plant-
ing (a), the area of land creation by
check dams (b), and the quantity of
net water diversion (c). The critical
value of the correlation coefficient
at the 0.05 level is 0.201 when the
size of the population is n = 34.
Thus, the correlations are signifi-
cant at the 0.01 level
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nual precipitation, the stronger the erosivity and the
sediment supplied to the Yellow River (Tang 1990;
Chen et al. 1988). It has been found that there is
close positive correlation between the sediment
ﬂux of the Yellow River into the sea and the precip-
itation over the drainage basin (Xu 2003), and that
the annual land accretion rate of the Yellow River
increases with the sediment and runoff ﬂuxes into
the sea (Xu 2002). The decrease in precipitation re-
duces runoff and sediment transport. Thus, the land
accretion process of the delta slows down. It is no-
table that the data point for 1986 is abnormally far
below the regression line, while the data point for
1964 is high above it. This is because the sediment
ﬂux in 1986 was 169 million tons, and the water
ﬂux was 15.7 × 109 m3, accounting for only 21.4%
of the mean annual sediment ﬂux, and 48.6% of the
mean annual water ﬂux, respectively. The marine
dynamics prevailed over the river sediment trans-
port and ﬂow, and as a result the delta was strongly
eroded. In contrast, the sediment ﬂux in 1964 was
2030 million tons, as high as 2.57 times the mean
annual sediment ﬂux, and the water ﬂux was 97.3
× 109 m3, as high as 3.02 times the mean annual wa-
Fig. 5(a). Temporal variations in
the annual quantity of sediment di-
verted with the irrigation water and
its ratio to the annual suspended
load entering the lower Yellow
River. 5(b). Relationship between
the land accretion rate of the Yel-
low River delta and the annual ratio
of sediment diversion to the total
suspended sediment load entering
the lower Yellow River
Table 1. Decadal variation in the annual quantity of sediment (Sdiv) diverted with the irrigation
water from the lower Yellow River
Decade 1950s 1960s 1970s 1980s 1990s
Sdiv (million tons/yr) 89.1 71.8 177.5 137.8 137.8
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ter ﬂux. Thus, the land accretion rate was much
higher than predicted by the regression line.
Effect of human activities
The areas of erosion control measures are adopted
to express the inﬂuence of erosion control practice
on sediment yield, and the quantity of net water di-
version to express the human inﬂuence on runoff.
The relationships between these variables are
shown in Fig. 4. Although the points are scattered,
some tendencies can be clearly seen. The land ac-
cretion rate of the delta decreases with increase in
the area of erosion control measures, and with the
increase in the quantity of net water diversion as
well.
Building of terrace land greatly reduces the
slope steepness of the cultivated land, tree- and
grass-planting changes the land cover conditions,
and both lead to signiﬁcant reduction of erosion.
According to ﬁeld experiments, the sediment re-
lease can be reduced by 73–91% by terrace land
compared with cultivated sloping land, and can be
reduced by 68–98% by tree- and grass-planting
compared with bare land at similar slopes (Yuan et
al. 2001).
Check dams uplift the base level of the gullies
and therefore much sediment is deposited above
them, leading to a reduction of sediment into the
downstream rivers. Since the basin-wide erosion
control measures were put in practice, the sediment
supplied to the Yellow River has decreased mark-
edly, and of course, also the sediment ﬂux into the
sea. Consequently, the land accretion rate has de-
clined.
Since most of the Yellow River drainage basin
is located in arid and semi-arid climates, irrigation
is necessary for agriculture. Hence, the total area
of irrigated land increases form 0.80 × 106 ha in
1950 to 7.35 × 106 ha in 1999 (Chen et al. 2001).
In the 1990s, the total quantity of water diversion
represented 50–60% of the total annual natural
runoff of the whole Yellow River. Here, natural
runoff is deﬁned as the measured runoff plus the
‘net’ water diversion by man. Runoff has been
considered a force transporting sediment into the
sea, and also a factor that counter-balances the
erosion by tidal and wave forces. The Yellow River
is a heavily sediment-laden river; when the water
is diverted, the sediment contained in the water is
also diverted. Over ﬁve decades, the annual quan-
tity of sediment diverted with the irrigation water
was 89.1 × 106, 71.8 × 106, 177.5 × 106, 137.8 ×
106 and 120.3 × 106 tons in the 1950s, 1960s,
1970s, 1980s and 1990s, respectively (cf. Table 1).
Figure 5a shows the temporal variations in the an-
nual quantity of sediment diverted with the irriga-
tion water and its ratio to the annual suspended
load entering the lower Yellow River, which are
similar to the temporal variations in net water di-
version shown in Fig. 2a. Diversion of sediment
means a decrease in the sediment load transported
to the sea, and thus the land accretion rate of the
Yellow River delta would be decreased. This has
been evidenced by Fig. 5b, where the land accre-
tion rate of the Yellow River delta is plotted against
the ratio of sediment diversion to the total sus-
pended sediment load entering the lower Yellow
River. There is a negative correlation between the
two variables, signiﬁcant at a level of <0.01.
Fig. 6. Monthly distribution of
mean grain size of suspended load
at Lijin station. The high-flow sea-
son is July to October, and the low-
flow season November to June
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Most water diversion occurs during low-ﬂow
seasons when the suspended sediment concentra-
tion is low, and during this period the diverted sed-
iment is not much. However, another factor should
be considered. The major sediment source areas
are mantled by loess, and thus the sediment load
of the Yellow River is rather ﬁne. Serious sedi-
mentation occurs during high-ﬂow seasons, usu-
ally from July to October. Most of the deposited
sediment is coarse silt and silt, and is sensitive to
erosion. During low-ﬂow seasons, although water
discharges are low, the relatively clear ﬂow is ca-
pable of scouring the channel bed and bank, and
transports the eroded sediment into the sea. Be-
cause during high-ﬂow seasons, on average, the
deposited sediment is coarser than the suspended
sediment, the sediment eroded and set in suspen-
sion during low-ﬂow seasons is often coarser than
the suspended sediment during high-ﬂow seasons.
This is supported by data collected at Lijin station,
which show that the monthly mean grain size of
suspended sediment during low-ﬂow seasons is
coarser than that during high-ﬂow seasons (Fig.
6). Hence, its effect on the land accretion process-
es of the delta cannot be ignored because, given
the quantity of sediment, coarser sediment may
make a larger contribution to land accretion of the
delta. When large quantities of runoff are diverted
from the river, the runoff into the sea during the
low-ﬂow season decreases or even becomes zero,
and then the above contribution would decrease as
well or even disappear. Hence, with an increase in
Table 2. The land accretion rate of the Yellow River (Rla), the area of terrace land building and tree- and grass-planting (Atfg), the area
of land created by sediment trapped by check dams (Ac), the area-averaged annual precipitation (P) over the whole Yellow River drainage
basin and the quantity of net water diversion (Wdiv)
Year Rla (km2/yr) Atfg (104 ha) Ac (104 ha) P (mm) Wdiv (108m3/yr)
1955 64.8 98.4 3.2 424 135.6
1956 63 98.4 3.2 466 108.4
1957 28.8 98.4 3.2 390 128
1958 78.5 98.4 3.2 596 142.8
1959 53.5 98.4 3.2 485 291.3
1960 missing 108.56 3.54 412 360.8
1961 65.1 118.72 3.88 572 183.1
1962 63.55 128.88 4.22 397 123.1
1963 80.33 139.04 4.56 453 137
1964 141.84 149.2 4.9 627 135.3
1965 20.52 159.36 5.24 343 149
1966 84.24 169.52 5.58 449 193.3
1967 92.34 179.68 5.92 576 171
1968 54.06 189.84 6.26 474 175.8
1969 21.6 200 6.6 415 204.5
1970 40.8 229.02 7.64 449 204.6
1971 33.75 258.04 8.68 432 215.8
1972 13.5 287.06 9.72 357 240.6
1973 56.7 316.08 10.76 499 241.4
1974 31.815 345.1 11.8 407 255.6
1975 78.75 374.12 12.84 492 252.9
1976 60.96 403.14 13.88 471 252.4
1977 25.38 432.16 14.92 432 261.2
1978 49.14 461.18 15.96 500 318.2
1979 34.2 490.2 17 452 276.1
1980 43.52 559.59 17.77 396 288.7
1981 49.3 628.98 18.54 463 299.2
1982 13.22 698.37 19.31 402 301.4
1983 69.71 767.76 20.08 501 272.8
1984 12.3 837.15 20.85 496 263.4
1985 35.2 906.54 21.62 502 260.4
1986 –66.94 975.93 22.39 359 323.4
1987 2.51 1045.32 23.16 397 356.3
1988 24.21 1114.71 23.93 483 345.7
1989 59 1184.1 24.7 440 429.7
Source: Rla, 1955–1980, from Wang (1985); Atfg, Ac, P and Wdiv, from the Yellow River Water Conservancy Commission by permission 
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the quantity of water diversion, the land accretion
rate of the delta declines. The more water diver-
sion occurs, the more sediment is diverted with the
water, and the effect of sediment diversion on land
accretion of the delta is also reﬂected by Fig. 4c,
through the effect of water diversion.
Multiple regression
To analyse the effects of all the inﬂuencing factors
on land accretion of the Yellow River delta, multi-
ple regressions have been carried out. The land ac-
cretion rate of the Yellow River (Rla, km2/yr) is tak-
en as a dependent variable, and independent varia-
bles are the areas of terrace land building and tree-
and grass-planting (Atfg, 104 ha), the area of the land
created by sediment trapped by check dams (Ac, 104
ha), the area-averaged annual precipitation over the
whole Yellow River drainage basin (P, mm) and the
net water diversion (Wdiv, 108 m3/yr). Since the ef-
fect of the quantity of sediment diversion (Sdiv) can
be reﬂected by Wdiv, and there is close correlation
between Sdiv and Wdiv, the variable Sdiv will not be
included. The data used are listed in Table 2, and
Table 3 gives the correlation matrix among all the
variables involved. The correlation coefﬁcients be-
tween the land accretion rate Rla and all the inﬂu-
encing factors are signiﬁcant at levels better than
0.05.
The multiple regression equation is established
as follows:
Rla = –85.9634–0.0327Atfg–0.2730Ac + 
0.3297P–0.0083Wdiv (1)
The residual standard deviation of the regression
line is SE = 22.45, multiple correlation coefﬁcient
is R = 0.80, the result of the F-test is F = 12.4, which
is signiﬁcant at a level of 0.00000534. Some char-
acteristics of the regression are given in Table 4. A
comparison of measured and calculated land accre-
tion rates (Rla) is shown in Fig. 7. 
It can be seen from Equation 1 that the land ac-
cretion rate of the delta (Rla) increases with pre-
cipitation, but decreases with the area of terrace
land, tree- and grass-planting (Atfg) and the land
created by the sediment trapped by check-dams
(Ac), and decreases with the net water diversion
(Wdiv) as well. By using Equation 1, the change of
the land accretion rate of the delta in the future can
be estimated, according to the planned increase in
the areas of erosion control measures, the predict-
ed increase in the water diversion and the estimat-
ed precipitation. The equation can also be used to
make some estimation for adjusting the level of
human activities, if the land accretion rate should
be kept at a certain level for a better perspective for
the wetland ecosystem and the oil ﬁeld in the del-
ta.
As the ranges of the absolute values of the vari-
ables differ from each other, the regression coefﬁ-
cients of the independent variables do not reﬂect
their contribution to the dependent variable. There-
fore, the data have been standardized to the range
of (0,1), and then the multiple regression equation
is re-established as follows:
Rla = –0.3153Atfg–0.05811Ac
+ 0.6325P–0.01854Wdiv (2)
Table 3. The matrix among independent and dependent variables
Atfg Ac P Wdiv Rla
Atfg 1.00
Ac 0.97 1.00
P –0.16 –0.17 1.00
Wdiv 0.85 0.88 –0.18 1.00
Rla –0.49 –0.49 0.70 –0.45 1.00
Table 4. Analysis of variations
Sum of Degree of Mean F P-level
squares freedom squares
Regression 24999.25 4 6249.81 12.40 0.00000534
Residual 14616.70 29 504.02
Total 39615.95
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By comparing the regression coefﬁcients of the
four independent variables, they can be ranked in
terms of their contribution to the change in the land
accretion rate of the Yellow River delta. Precipita-
tion makes the largest contribution, the area of ter-
race land building and tree- and grass-planting
makes the second, the area of the land created by
the sediment trapped by check dams makes the
third, whereas water diversion makes the smallest
contribution to land accretion.
Conclusions
The land accretion processes of the Yellow River
delta are dominated by drainage basin factors.
Since the 1960s, the rate of land accretion of the
delta has shown a marked decrease, and the areal-
averaged annual precipitation has decreased, but
the areas of all kinds of erosion control measures
have increased, and so has the net water diversion.
Thus, the land accretion processes can be related to
these factors.
A multiple regression equation has been estab-
lished between the rate of land accretion of the del-
ta and the inﬂuencing factors: annual precipitation
over the drainage basin (P), area of terrace land
building and tree- and grass-planting (Atfg), area of
land created by the sediment trapped by check-
dams (Ac), and annual net water diversion (Wdiv).
The regression analysis indicates that the variation
in P makes the largest contribution, the variation in
Atfg makes the second, the variation in Ac makes the
third, and the variation in W div makes the smallest.
Using the established equations, the tendency of
land accretion of the Yellow River delta can be
roughly predicted, considering future variations of
the drainage basin factors.
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